The development of Ruddlesden-Popper oxides as oxygen exchange and transport materials for applications such as solid oxide fuel cells, oxygen separation membranes, and chemical looping will benefit from detailed mechanistic understanding of how oxygen is transported through these materials. Using Density Functional Theory, we found there are two distinct oxygen interstitial diffusion mechanisms involving two different oxygen interstitial species that can be active in La 2-x Sr x NiO 4+δ , and, we believe, in hyperstoichiometric Ruddlesden-Popper oxides in general. The first mechanism is the previously proposed interstitialcy-mediated mechanism, which consists of diffusing oxide interstitials. The second mechanism is newly discovered in this work, and consists of both oxide and peroxide interstitial diffusing species. This mechanism exhibits a similar or possibly lower migration barrier than the interstitialcy mechanism for high oxidation states. Which mechanism contributes to the oxygen interstitial diffusion is the result of the change in relative stability between the oxide interstitial (2-charge) and peroxide interstitial (1-charge), which directly affects the migration barriers for these two different mechanisms. The stability of the oxide and peroxide, and therefore the competition between the two oxygen diffusion mechanisms, is highly sensitive to the overall oxidation state of the system. Therefore, the oxygen diffusion mechanism is a function of the material composition, oxygen off-stoichiometry, operating temperature and oxygen partial pressure. We also examined the effect of epitaxial strain on both oxygen diffusion mechanisms, and found that tensile and compressive epitaxial strain of up to 2% had less than 100 meV/(% strain) effects on oxygen interstitial formation, migration, and activation energies, and that total achievable activation energy reductions are likely less than 100 meV for up to ±2% epitaxial strain. The presented understanding of factors
governing interstitial oxygen diffusion potentially has significant implications for the engineering of Ruddlesden-Popper oxides in numerous alternative energy technologies.
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Introduction
Alternative energy applications such as solid oxide fuel cells (SOFCs), oxygen separation membranes for syngas production and CO 2 capture and storage, and chemical looping devices all rely on oxygen active materials that can quickly and efficiently exchange and transport oxygen. [1] [2] [3] [4] [5] [6] While transition metal-based perovskite oxides have received widespread attention for their use in these applications as alternatives to rare and expensive precious metal or oxide materials, perovskite-related n = 1 Ruddlesden-Popper oxides (chemical formula (A 1-x A' x ) 2 BO 4±δ ) 7 are also very promising. In particular, over the past 15 years, researchers have demonstrated that the doped lanthanum Ni-, Co-, Cu-, and Fe-based Ruddlesden-Popper materials all show either fast oxygen surface exchange, efficient bulk oxygen transport, or both. 2, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] A special aspect of Ruddlesden-Popper oxides that sets them apart from perovskites and most other oxygen conductors is that, whereas perovskites and other oxygen conductors tend to either be stoichiometric or contain oxygen vacancies, Ruddlesden-Popper materials may be stoichiometric, or contain some mixture of vacancies and/or interstitials. Based on the material composition and operating environment (temperature and oxygen partial pressure), Ruddlesden-Popper oxides may therefore range from hypostoichiometric (more oxygen vacancies than interstitials) to hyperstoichiometric (more interstitials than vacancies). This flexibility in oxygen stoichiometry results in a rich defect chemistry, [20] [21] [22] [23] [24] which in turn enables multiple mechanisms of oxygen transport. In particular, Ruddlesden-Popper materials have been shown to primarily transport oxygen via interstitial-and interstitialcy-mediated diffusion mechanisms, while vacancies appear to play a minor role in diffusion, even for hypostoichiometric materials such as La 2-x Sr x CuO 4-δ . 11, 18, 19, 21, [23] [24] [25] [26] [27] In addition, there is a high degree of anisotropy in the oxygen transport, where oxygen interstitial diffusion in the rocksalt a-b plane is generally at least an order of magnitude faster than along the c direction. [28] [29] [30] [31] [32] [33] A further unusual property of Ruddlesden-Popper materials is that they can contain interstitials in both oxide and peroxide states, 20, 22, [34] [35] [36] and both may potentially participate in diffusion.
The main focus of this paper is to gain an enhanced mechanistic understanding of oxygen interstitial diffusion in hyperstoichiometric Ruddlesden-Popper oxides, using La 2-
x Sr x NiO 4+δ as a case-study material. Oxygen interstitial diffusion in Ruddlesden-Popper oxides depends on numerous properties, and in this work we explore the role of three experimentally controllable properties that, when changed, could significantly influence the defect chemistry and oxygen transport properties of the material. These three experimentally controllable properties are material composition, environmental conditions (temperature and oxygen pressure), and strain. Not surprisingly, changes in transition metal element and/or aliovalent doping, 20, 24, 25, 27, 37 and changes in temperature and oxygen pressure, [38] [39] [40] will change the defect formation energetics and oxygen surface exchange and migration rates. Strain effects are not well understood, but epitaxial strain has been recently investigated as a property tuning knob for oxygen surface exchange and diffusion in perovskites, [41] [42] [43] [44] and has been shown to have a significant impact on the defect concentrations and surface exchange rates in Ruddlesden-Popper oxides. [45] [46] [47] Overall, understanding how properties such as composition, operating conditions and strain affect oxygen transport is key for enabling the use of Ruddlesden-Popper materials in an array of alternative energy technologies.
In this study, we used Density Functional Theory (DFT) to investigate the interplay of oxidation state (via compositional change of Sr content x in La 2-x Sr x NiO 4+δ ) and strain on the oxygen interstitial formation, migration, and resultant diffusion mechanism characteristics, using La 2-x Sr x NiO 4+δ as a case-study Ruddlesden-Popper material. We used Ni valence as a measure of the oxidation state. The Ni valence can be increased by both Sr doping and excess oxygen in the form of oxide interstitials (related to the value of the degree of nonstoichiometry δ). In this work, we will consider La 2-
x Sr x NiO 4+δ only with very dilute interstitial oxygen, i.e., δ » 0, so that the Ni valence = 2+x+2δ » 2+x (δ » 0), where x is the Sr content in La 2-x Sr x NiO 4+δ . It is worth noting that the trends we observed in this work can be rationalized by considering Ni valence, and we therefore expect these trends to be qualitatively transferable to any La 2-x Sr x NiO 4+δ system regardless of the origin of oxidation (that is, whether the oxidation is from Sr doping, oxide interstitials, or a combination of both). The possible influence of higher δ values on the barriers and stabilities determined in this work is an important topic but beyond the scope of this initial study. Under the elevated temperatures and nearatmospheric oxygen partial pressure conditions commonly used in SOFCs, oxygen separation and chemical looping applications, the majority defect in Ni-, Co-, Cu-, and
Fe-containing Ruddlesden-Popper materials are oxygen interstitials. 8, 11, 34, 48, 49 Thus, in this study we have focused on hyperstoichiometric La 2-x Sr x NiO 4+δ . We have found there are two distinct oxygen interstitial diffusion mechanisms involving two different oxygen interstitial species that can be active in La 2-x Sr x NiO 4+δ (Section 2.1), and, we believe, in hyperstoichiometric Ruddlesden-Popper oxides in general. In this work, we examined the effect of Ni valence on the oxygen interstitial formation energies (Section 2.2), migration barriers (Section 2.3), and the resulting activation energies (sum of formation and migration energies, Section 2.4) that control which mechanism contributes to oxygen diffusion at a particular Ni valence. Finally, we examined the possible role that modest epitaxial strain may play in changing the overall migration barriers and tuning the Ni valence at which a particular oxygen diffusion mechanism is competitive (Section 2.5).
Overall, the findings of this work, particularly the understanding of there being two distinct oxygen interstitial diffusion mechanisms involving two different oxygen interstitial species present at different Ni valence states, provide a useful foundation for understanding and engineering of La 2-x Sr x NiO 4+δ and related Ruddlesden-Popper oxides for fast exchange and transport of oxygen.
Results
Two types of oxygen interstitials and two interstitial diffusion mechanisms
Oxygen interstitials intercalated into a Ruddlesden-Popper material may reside in one of two distinct interstitial states. 20 In addition to there being two different oxygen interstitial species, we demonstrate in this work that there are also two distinct oxygen interstitial diffusion mechanisms within the a-b plane. In this study, we have focused only on oxygen migration in the a-b plane, where oxygen interstitial diffusion is known to be at least an order of magnitude faster than along the c direction. [28] [29] [30] [31] [32] As discussed in Section 1, we only focus on these two distinct interstitial migration mechanisms, and do not consider any vacancy migration mechanisms. The first diffusion mechanism we consider only involves O int 2- species, and will henceforth be referred to as the "oxide-oxide" diffusion mechanism.
This oxide-oxide pathway is the previously studied interstitialcy-mediated diffusion mechanism, 21, 25, 26, 28 first identified by Chroneos, et al. 28 A schematic plot of the energy landscape and atomistic configurations of the states comprising the oxide-oxide diffusion mechanism are shown in Figure 1 . species, and will henceforth be referred to as the "oxide-peroxide" diffusion mechanism.
A general description of the oxide-peroxide diffusion pathway is {O int 2-((meta)stable) shown that the barrier of this oxygen dumbbell kick-out mechanism is less than 100 meV, which is much less than the overall oxide-peroxide diffusion mechanism barrier, and therefore this oxygen dumbbell kick-out process is never predicted to be the rate-limiting step in the cases we have studied. There is no vacancy created in the oxide-peroxide diffusion pathway, and instead the migration oxygens form an O 2 dumbbell during the kick-out step. To our knowledge, this particular oxide-peroxide oxygen diffusion mechanism has not been previously proposed in the Ruddlesden-Popper phases. Thus, this study is the first to shed light on the mechanistic aspects of this new oxide-peroxide diffusion mechanism utilizing both peroxide and oxide interstitial species. 
increasing as the system becomes more Figure   3 ) and therefore E b oxide-peroxide is approximately constant in this range (as shown in Figure   4 ). 
Activation energy comparison between oxide-oxide and oxide-peroxide mechanisms
Here, we describe the criterion used in this work to determine which oxygen diffusion mechanism is dominant at a certain Ni valence and strain condition. In general, the chemical diffusion coefficient D of a diffusing species can be written:
where C is the concentration of the diffusing species (in this case, interstitials) and E a = E f + E b is the effective activation energy for diffusion. The constants of proportionality can vary significantly under different conditions, but they are generally not exponential in temperature and therefore it is reasonable to assume at this level of analysis that relative diffusion rates between different oxygen interstitial migration mechanisms are dominated by E a . This assumes that relative entropic terms do not play a major role in our competing diffusion mechanisms, which is an assumption that needs further study. Based on these assumptions, we evaluate which diffusion mechanism is relevant as a function of Ni valence by calculating the activation energy of the oxide-oxide (E a oxide-oxide ) and oxideperoxide (E a oxide-peroxide ) mechanisms, where the activation energy for the oxide-oxide mechanism is E a oxide-oxide = E f (O int 2-) + E b oxide-oxide and the activation energy of the oxide- Figure 2 , and vice versa), so the activation energy for this diffusion mechanism requires the minimum value
The values of E a oxide-oxide and E a oxide-peroxide as a function of Ni valence are shown in Figure 5 . For 2 < Ni valence < 2.25, E a oxide-oxide << E a oxide-peroxide and the oxide-oxide diffusion mechanism is dominant. From Figure 5 , at low Ni valence the value of E a oxideoxide is negative due to the negative defect formation energy in this regime (see Figure 3) .
In Figure 5 , these negative E a oxide-oxide values are greyed out due to their unphysical nature. They are unphysical as we have calculated E a oxide-oxide assuming dilute oxygen diffusion (δ→0). However, the negative defect formation energy indicates the equilibrium oxygen interstitial content will be larger than we have simulated here, and will lead to increasing E a oxide-oxide due to interactions between defects, which can be significant. 20 As remarked earlier, the possible influence of higher δ values on our calculated values is an important topic but beyond the scope of this initial study. As the Ni valence continues to increase and approaches 2.5, E a oxide-oxide keeps increasing and becomes comparable to (and even larger than) E a oxide-peroxide due to the increasing instability of O int 2-, and the peroxide-oxide mechanism emerges as a competitive oxygen diffusion pathway. We expect that the qualitative feature of the oxide-peroxide mechanism being an important oxygen diffusion channel continues to hold as the Ni valence increases because higher Ni valence will tend to further destabilize the O int 2-formation (as discussed in Section 2.2), making the oxide-oxide mechanism less competitive at even higher Ni valence states. Although our current study cannot predict a highly quantitative Ni valence value where the mechanism-switching point occurs, the qualitative trends of the activation energy profiles with Ni valence as shown in Figure 5 provide strong evidence for the existence of a previously undiscovered oxide-peroxide diffusion mechanism in La 2-x Sr x NiO 4+δ at a relatively high Ni valence state which involves both oxide and peroxide interstitial species. This high Ni valence state might occur due to Sr or other aliovalent doping, excess oxygen interstitials, a combination of both, or some other oxidizing mechanism. 
Strain effects on O int 2-and O int 1-formation and migration
As discussed in Section 1, applying epitaxial strain in the a-b plane of Ruddlesden-Popper materials may change the defect formation and migration energetics.
In this section, we have investigated the effect of modest epitaxial strain ranging from 2% tensile strain to 2% compressive strain on the formation and migration energetics of La 2-
x Sr x NiO 4+δ as a function of Ni valence. and activation energies E a oxide-oxide and E a oxide-peroxide ( Figure 6E and Figure 6F) In addition to these trends of defect formation energy with strain, we note that the shape of the formation energy versus strain curves in From Figure 6C and Figure 6D , it is clear that tensile (compressive) strain reduces 38 Thus, under this highly oxidized condition, the flux density of diffusing oxygen may be low enough that the material can no longer transport sufficient oxygen to yield desired device performance. Indeed, numerous studies have shown that La 2 NiO 4+δ exhibits faster oxygen transport properties than La 2-x Sr x NiO 4+δ with x > 0, and that oxygen diffusion as measured through diffusivity, oxygen permeation flux, or calculated as a migration barrier, is decreased as δ increases. While we have limited our current study to characterizing oxygen interstitial migration in La 2-x Sr x NiO 4+δ as a case study, we believe the oxide-oxide and oxideperoxide diffusion mechanisms examined here represent general diffusion mechanisms that may be active in a wide variety of hyperstoichiometric Ruddlesden-Popper oxides.
As the cation valence state (that is, the overall oxidation state of the material) is a key quantity to assess which mechanism contributes most to oxygen diffusion, the A-site doping level, B-site transition metal type, and magnitude of oxygen hyperstoichiometry δ in a particular Ruddlesden-Popper oxide will all impact whether oxygen interstitial diffusion is governed by the interstitialcy-mediated oxide-oxide or our newly discovered oxide-peroxide mechanism, thus potentially impacting device design and operating principles. As discussed above, while interstitial diffusion in La 2-x Sr x NiO 4+δ may not be facilitated by the oxide-peroxide mechanism under the conditions that also promote high oxygen interstitial content, other Ruddlesden-Popper oxides with different material compositions may have interstitial diffusion primarily occurring via the oxide-peroxide mechanism at lower levels of oxidation, resulting in a material that has a high value of δ and oxygen diffusion governed by this newly discovered oxide-peroxide mechanism.
As discussed above, the presence of lattice strain can also have a significant effect, although likely not very large for high temperatures and strains less than ≈2%. However, this modest level of strain may result in some quantitative enhancement, and this enhancement could result in dramatic improvements for lower-temperature (e.g., room temperature) applications.
Summary and Conclusions
In this work, we used DFT to study the effect of Ni valence state (which we take to represent overall oxidation state, although it is produced via changing the Sr doping level) and epitaxial strain on the oxygen interstitial formation and migration energetics in 
Regarding the oxygen interstitial formation energies, E f (O int 2-) increases as the system becomes more oxidized (that is, as Ni valence increases), while E f (O int 1-) is almost independent of Ni valence (see Figure 3) . as the difference in activation energy between the oxide-peroxide and oxide-oxide mechanisms at Ni 2+ is more than 2.5 eV. Therefore, while the change in E b oxideperoxide with strain is relatively large at 180 meV/(% strain) at Ni 2+ , no practical amount of strain could be applied to La 2-x Sr x NiO 4+δ to make the oxide-peroxide mechanism competitive at Ni 2+ . Overall, these changes in migration barrier with strain are on the order of 50-100 meV/(% strain), and thus unlikely to result in a dramatic increase in oxygen diffusivity or large change in the oxidation state value where the oxide-peroxide mechanism emerges as a competitive diffusion mechanism, at least at typical device operating temperatures of over 700K. The interplay of material oxidation state and oxygen interstitial diffusion mechanism investigated here further advances the physical understanding of oxygen transport in this novel and emergent class of materials.
Computational Methods
All calculations were performed with Density Functional Theory (DFT) using the Vienna Ab Initio Simulation Package (VASP) 51, 52 55, 56 applied to the Ni atoms with an effective U value of 6.4 eV. 57 The stopping criteria for total energy calculations were 0.01 meV/cell and 0.1 meV/cell for the electronic and ionic relaxation, respectively. A plane wave cutoff energy of 425 eV was used in our calculations, consistent with previous DFT calculations on La 2-
x Sr x NiO 4+δ by Xie, et al. 20 We have used two different supercell sizes of the same tetragonal (space group Three images were used for all CI-NEB calculations; the sufficiency of using three images has been shown in the work of Li and Benedek. 26 Monkhorst-Pack 59 k-point meshes of 2×2×2 and 1×1×1 are used to sample the Brillouin zone for the 2a×2a×c and 4a×4a×c supercells, respectively, to achieve migration energy barriers converged within 10 meV/(oxygen interstitial). Based on the pristine supercells, the defected supercells were created by adding a single oxygen interstitial in the rocksalt layer. There are two possible defect states of the oxygen interstitial, the oxide state (O int 2-) and the peroxide state (O int 1-), which are visualized in Figure 1 and Figure 2 and discussed in Section 2.
The calculation files showing the exact atomistic configurations of the pristine and defected supercells are provided as part of the SI.
In this work, we used the same La/Sr ordering and magnetic ordering (ferromagnetic) which were reported in the work of Xie, et al. 20 For the La/Sr ordering, the work of Xie, et al. used a set of special quasirandom structures (SQS) and predicted a lowest-energy configuration where all Sr atoms were located within one of the two rocksalt layers in the 2a×2a×c supercell when Sr content x ≤ 0.5. 20 Since the Sr content range explored in this work is 0 ≤ x ≤ 0.5 (Ni valence of Ni 2+ →Ni 2.5+ ), the La/Sr ordering employed here is consistent with that of Xie, et al. 20 The oxygen interstitial is inserted into the rocksalt layer with no Sr atoms, which is the lowest-energy intercalation position of the oxide state (O int 2-). 20 As Therefore, in this work we limit the Sr content within the range of x = 0 to x = 0.5, and at the condition of high Sr content (x = 0.4 to x = 0.5), we cannot accurately predict whether the oxide-oxide mechanism or the oxide-peroxide mechanism should be the dominant diffusion mechanism. However, our results provide qualitative evidence that the oxideperoxide mechanism emerges as a competitive diffusion pathway for oxygen interstitials at about x ~ 0.4 (~Ni 2.4+ ).
In the previous experimental work of Nakamura, et al., 38 it was found that the close to our modeling condition). Therefore, our calculations are based on an assumption where the oxygen interstitial concentration is in the dilute limit (d→0), and thus interactions between oxygen interstitial atoms are considered negligible. As the oxygen interstitial content d becomes extremely low as the Sr content x increases, the oxygen interstitial concentration may be sufficiently small that oxygen diffusion is no longer interstitial-or interstitialcy-mediated, but oxygen vacancy-mediated instead. 38 As we are interested in examining the Sr doping regime where oxygen transport is the result of interstitial motion, the range of Sr content variation studied in this work is from x = 0 to x = 0. 
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The authors declare no competing financial interest. indicating the oxide-peroxide mechanism is competitive with the oxide-oxide diffusion mechanism at a Ni valence of 2.5, which is qualitatively consistent with the results obtained when oxygen is intercalated into the pure LaO layer. Therefore, we conclude that having the oxygen intercalation position in the LaO versus the (La,Sr)O layer will not change our qualitative conclusion of the oxide-peroxide mechanism emerging as a competitive diffusion mechanism at high Ni valence values. red, green, purple, and black data points indicate Ni valences of 2, 2.125, 2.25, 2.375, and 2.5, respectively. The circle, diamond, and triangle symbols indicate no strain, 2% tensile strain, and 2% compressive strain, respectively. All data points were obtained for 112-atom supercells, except for the large black circle data point, which was obtained from a 448-atom supercell. The dashed line is the best fit line. 
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